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(57) ABSTRACT

The present invention relates to an enhanced cyclic deposi-
tion process suitable for deposition of barrier layers, adhesion
layers, seed layers, low dielectric constant (low-k) films, high
dielectric constant (high-k) films, and other conductive, semi-
conductive, and non-conductive {ilms. The deposition
enhancement 1s derived from 1ons generated 1n a plasma. The
techniques described reduce the time required for plasma
stabilization, thereby reducing deposition time and 1improv-
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METHOD OF REDUCING PLASMA
STABILIZATION TIME IN A CYCLIC
DEPOSITION PROCESS

TECHNICAL FIELD

The present invention relates generally to the field of thin
f1lm deposition methods commonly used 1n the semiconduc-
tor, data storage, flat panel display, as well as allied or other
industries. More particularly, the present invention relates to
cyclic deposition techniques and apparatus suitable for depo-
sition of barrier layers, adhesion layers, seed layers, low
dielectric constant (low-k) films, high-dielectric constant
(high-k) films, and other conductive, semi-conductive, and
non-conductive thin films.

BACKGROUND

As mtegrated circuit (IC) dimensions shrink and the aspect
ratios of the resulting features increase, the ability to deposit
conformal, ultra-thin films on the sides and bottoms of high
aspect ratio trenches and vias becomes increasingly 1mpor-
tant. These conformal, ultra-thin films may be barriers, liners,
or seeds.

In addition, decreasing device dimensions and increasing,
device densities has necessitated the transition from tradi-
tional chemical vapor deposition (CVD) tungsten plug and
aluminum 1nterconnect technology to copper interconnect
technology. This transition 1s driven by both the increasing
impact of the RC interconnect delay on device speed and by
the electromigration limitations of aluminum based conduc-
tors for sub 0.2 micron (um) device generations. Copper 1s
preferred due to 1ts lower resistivity and higher (greater than
10 times) electromigration resistance as compared to alumi-
num. A single or dual damascene copper metallization
scheme 1s used since i1t eliminates the need for copper etching
and reduces the number of 1ntegration steps required. How-
ever, the burden now shiits to the metal deposition step(s) as
the copper must {ill predefined high aspect ratio trenches
and/or vias 1n the dielectric.

Two major challenges exist for copper wiring technology:
the barrier and seed layers. Copper can diffuse readily into
s1licon and most dielectrics. This diffusion may lead to elec-
trical leakage between metal wires and poor device pertor-
mance. An encapsulating barrier layer 1s needed to 1solate the
copper from the surrounding matenal (e.g., dielectric or sili-
con (S1)), thus preventing copper diffusion into or reaction
with the underlying matenial. In addition, the barrier layer
also serves as the adhesion or glue layer between the pat-
terned dielectric trench or via and the copper used to fill 1t.
The dielectric material can be a low dielectric constant, 1.e.,
low-k material which typically suifers from poorer adhesion
characteristics and lower thermal stability than traditional
oxide isulators. Consequently, this places more stringent
requirements on the barrier material and deposition method.
An 1inferior adhesion layer will, for example, lead to delami-
nation at either the barrier-to-dielectric or barrier-to-copper
interfaces during any subsequent anneal or chemical
mechanical planarization (CMP) processing steps leading to
degradation in device performance and reliability. Ideally, the
barrier layer should be thin, conformal, defect free, and of low
resistivity.

In addition, electroplating fill requires a copper seed layer,
which serves to both carry the plating current and act as the
nucleation layer. The seed layer should be smooth, continu-
ous, of high purity, and have good step coverage with low
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overhang. A discontinuity in the seed layer will lead to side-
wall voiding, while gross overhang will lead to pinch-oit and
the formation of top voids.

Both the barrer and seed layers which are critical to suc-
cessiul implementation of copper interconnects require the
deposition of high purity, conformal, ultra-thin films at low
substrate temperatures.

Physical vapor deposition (PVD) or sputtering has been
adopted as a method of choice for depositing conductor films
used 1 IC manufacturing. This choice has been primarily
driven by the low cost, simple sputtering approach whereby
relatively pure elemental or compound materials can be
deposited at relatively low substrate temperatures. For
example, refractory based metals and metal compounds such
as tantalum (Ta), tantalum nitride (TalN_ ), other tantalum con-
taining compounds, tungsten (W), tungsten nitride (WN_),
and other tungsten contaiming compounds which are used as
barrier/adhesion layers can be sputter deposited with the sub-
strate at or near room temperature. However, as device geom-
etries have decreased, the step coverage limitations of PVD
have increasingly become an issue since it 1s inherently a
line-of-sight process. This limits the total number of atoms or
molecules which can be delivered into the patterned trench or
via. As a result, PVD 1s unable to deposit thin continuous
films of adequate thickness, control, and coverage to coat the
sides and bottoms of high aspect ratio trenches and vias with
the necessary degree of conformality. Moreover, medium/
high-density plasma and 1onized PVD sources developed to
address the more aggressive device structures are still not
adequate and are now of such complexity that cost and reli-
ability have become serious concerns.

CVD processes offer improved step coverage since CVD
processes can be tailored to provide conformal films. Conifor-
mality ensures the deposited films match the shape of the
underlying substrate, and the film thickness inside the feature
1s uniform and equivalent to the thickness outside the feature.
CVD requires comparatively high deposition temperatures,
suifers from high impurity concentrations, which impact film
integrity, and have higher cost-of-ownership due to long
nucleation times and poor precursor gas utilization efficiency.
Following the tantalum containing barrier example, CVD Ta
and TaN films require substrate temperatures ranging from
500° C. to over 800° C. and suiler from impurity concentra-
tions (typically of carbon and oxygen ) ranging from several to
tens ol atomic % concentration. This generally leads to high
film resistivities (up to several orders of magnitude higher
than PVD) and other degradation 1n film performance. These
deposition temperatures and impurity concentrations make
CVD Taand TaN unusable for IC manufacturing, in particular
for copper metallization and low-k integration.

A plasma-assisted (PACVD) or plasma-enhanced
(PECVD) CVD approach has been demonstrated using tan-
talum pentabromide ('TaBr. ) as the precursor gas to reduce the
deposition temperature. Ta and TaN_ films were deposited
from 350° C. to 450° C. and contained 2.5 to 3 atomic %
concentration of bromine.

Atomic layer chemical vapor deposition (ALCVD) or
atomic layer deposition (ALD) has been proposed as an alter-
native method to CVD for depositing conformal, ultra-thin
films at comparatively lower temperatures. ALD 1s similar to
CVD except that the substrate 1s sequentially exposed to one
reactant at a time. Conceptually, 1t 1s a simple process: a first
reactant 1s introduced onto a heated substrate whereby 1t
forms a monolayer on the surface of the substrate. Excess
reactant 1s pumped out. Next a second reactant 1s introduced
and reacts with the first reactant to form a monolayer of the
desired film via a self-limiting surface reaction. The process
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1s self-limiting since the deposition reaction halts once the
initially adsorbed (physi- or chemisorbed) monolayer of the
first reactant has fully reacted with the second reactant.
Finally, the excess second reactant 1s evacuated. The above
sequence ol events comprises one deposition cycle. The
desired film thickness is obtained by repeating the deposition
cycle the required number of times.

In practice, ALD 1s complicated by the painstaking selec-
tion of a process temperature setpoint wherein both: 1) at least
one of the reactants sulliciently adsorbs to a monolayer and 2)
the surface deposition reaction can occur with adequate
growth rate and film purity. If the substrate temperature
needed for the deposition reaction 1s too high, desorption or
decomposition of the first adsorbed reactant occurs, thereby
climinating the layer-by-layer process. If the temperature 1s
too low, the deposition reaction may be incomplete (1.e., very
slow), not occur at all, or lead to poor film quality (e.g., high
resistivity and/or high impurity content). Since the ALD pro-
cess 1s entirely thermal, selection of available precursors (1.¢.,

reactants) that fit the temperature window becomes difficult
and sometimes unattainable.

Continuing with the TaN example, ALD of TaN films 1s
confined to a narrow temperature window of 400° C. to 500°
C., generally occurs with a maximum deposition rate of 0.2
A/cycle, and can contain up to several atomic percent of
impurities including chlorine and oxygen. Chlorine 1s a cor-
rosive, can attack copper, and lead to reliability concerns.

In conventional ALD of metal films, gaseous hydrogen
(H,) or elemental zinc (Zn) 1s often used as the second reac-
tant. These reactants are chosen since they act as a reducing
agent to bring the metal atom contained 1n the first reactant to
the desired oxidation state 1n order to deposit the end film.
Gaseous, diatomic hydrogen (H,) 1s an 1nefficient reducing
agent due to 1ts chemical stability, and elemental zinc has low
volatility and 1s generally mncompatible with IC manufactur-
ing. Due to the temperature contlicts that plague the ALD
method and lack of kinetically favorable second reactant,
serious compromises 1n process performance result.

In order to address the limitations of traditional thermal or
pyrolytic ALD, radical enhanced atomic layer deposition
(REALD) or plasma-enhanced atomic layer deposition has
been proposed whereby a downstream radio-frequency (RF)
glow discharge 1s used to dissociate the second reactant to
form more reactive radical species which drives the reaction
at lower substrate temperatures. Using such a technique, Ta
ALD films have been deposited at 0.16 to 0.5 A/cycle at 25°
C., and up to approximately 1.67 A/cycle at 250° C. to 450° C.
Although REALD results 1n a lower operating substrate tem-
perature than all the alorementioned techniques, the process
sulfers from several drawbacks. Higher temperatures must
still be used to generate appreciable deposition rates. Such
temperatures are still too high for some films of significant
interest 1 IC manufacturing such as polymer-based low-k
dielectrics that are stable up to temperatures of only 200° C.
or less. REALD remains a thermal or pyrolytic process simi-
lar to ALD and even CVD since the substrate temperature
provides the required activation energy for the process and 1s
therefore the primary control means for driving the deposition
reaction.

In addition, Ta films deposited using REALD contain chlo-
rine as well as oxygen impurities, and are of low density. A
low density or porous {ilm leads to a poor barrier against
copper diffusion since copper atoms and ions have more
pathways to traverse the barrier material. Moreover, a porous
or under-dense film has lower chemical stability and can react
undesirably with overlying or underlying films, or with expo-
sure to gases commonly used in IC manufacturing processes.
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Another limitation of REALD 1s that the radical generation
and delivery 1s melficient and undesirable. RF plasma gen-

eration of radicals used as the second reactant such as atomic
H 1s not as eflicient as microwave plasma due to the enhanced
elficiency of microwave energy transier to electrons used to
sustain and dissociate reactants introduced in the plasma.
Furthermore, having a downstream configuration whereby
the radical generating plasma 1s contained 1n a separate ves-
sel, located remotely from the main chamber where the sub-
strate 1s situated, negatively impacts the efficiency of trans-
port of the second radical reactant.

SUMMARY

In one aspect, the invention features a method of depositing,
a 11lm onto a substrate 1n a chamber. The method comprises
(a) mntroducing at least one precursor vapor 1into the chamber
to adsorb at least one layer of the precursor vapor on the
substrate; (b) operating an excitation energy source to gener-
ate a plasma; (¢) reacting the adsorbed layer of the precursor
vapor with 1ons and radicals to form the film; and (d) outside
of step (b), operating the excitation energy source at a power
level less than at step (b) such that an afterglow or a plasma 1s
maintained.

Various implementations of the invention may include one
or more of the following features. The plasma 1s generated by
an excitation energy source selected from the group consist-
ing of microwave power, DC power, RF power, ultraviolet
light, x-rays, a high DC field, a molecular beam, an 10n beam,
and combinations thereof.

In yet another aspect, the invention 1s directed to a sequen-
t1al method for depositing a film onto a substrate in a depo-
sition chamber. The method comprises (a) introducing a reac-
tant gas 1nto the chamber to adsorb at least one layer of the
reactant gas onto the substrate; (b) removing any excess reac-
tant gas from the chamber; (¢) mtroducing at least one 10n
generating feed gas into the chamber; (d) introducing at least
one radical generating feed gas into the chamber; (e) operat-
ing an excitation energy source at a first power level to gen-
crate a plasma from the 10n generating feed gas and the radical
generating feed gas to form 1ons and radicals; (1) prior or
subsequent to step (e), operating the excitation energy source
at a second power level greater than zero but less than the first
power level; (g) exposing the substrate to the 1ons and the
radicals; (h) modulating the 1ons; and (1) reacting the
adsorbed layer of the reactant gas with the 1ons and the radi-
cals to deposit the film.

Various implementations of the invention may include one
or more of the following features. In the above-described
method, step (b) 1s accomplished by evacuating or purging the
chamber. The method 1s repeated until the film achieves a
desired thickness. The method further includes exposing the
substrate to at least one additional reactant gas. The substrate
1s simultaneously exposed to the 10ons and the radicals. The
substrate 1s exposed to the 10ons after exposure to the radicals.
At step (1), the excitation source 1s operated to form an after-
glow or a plasma.

In still another aspect, the invention features a method for
depositing a film onto a substrate in a chamber. The method
comprises (a) mtroducing at least one reactant gas into the
chamber to adsorb at least one layer of the reactant gas on the
substrate; (b) generating a plasma from an 1on generating feed
gas to form 1ons and a radical generating feed gas to form
radicals, by operation of an excitation energy source; (C)
clectrically biasing the substrate to a negative potential; (d)
exposing the substrate to the 1ons and the radicals; (¢) modu-
lating the 10ns; (1) reacting the adsorbed layer of the reactant
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gas with the 1ons and the radicals to deposit the film; and (g)
prior or subsequent to the generating step, operating the exci-
tation energy source at a power level greater than zero but less
than its level of operation at the generating step.

Other implementations of the invention may include one or
more of the following features. The method 1s repeated until
the film achieves a desired thickness. At step (g), the excita-
tion energy source 1s operated to form an afterglow or a
plasma. The reactant gas 1s exposed to an afterglow to form a
more reactive reactant gas.

In another aspect, the invention 1s directed to a method of
depositing a film onto a substrate wherein at least one precur-
sor vapor 1s introduced 1nto a deposition chamber to adsorb at
least one layer of the precursor vapor on the substrate. An
excitation energy source 1s operated at a first power level to
generate an 1on-generating plasma. The adsorbed layer of the
precursor gas 1s reacted with 1ons and radicals to form a film.
The first three steps of the above-described method and
repeated. Between the first three steps of the above-described
method and the fourth step of the above-described method,
the excitation energy source 1s operated at a second power
level greater than zero but less than the first power level.

The mmvention can include one or more of the following
advantages. It can increase throughput by reducing the time
required for plasma formation. The mvention provides costs
savings. Less power 1s required to run the deposition system
and component life 1s improved.

The details of one or more embodiments are set forth 1n the
accompanying drawings and the description below. Other
features, objects and advantages will be apparent from the
description and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic of a deposition system suitable for
modulated 1on-induced atomic layer deposition (MII-ALD).

FIG. 2A depicts a timing sequence for an MII-ALD
method incorporating periodic exposure of the substrate to
101S.

FIG. 2B 1s another timing sequence for an MII-ALD
method incorporating periodic exposure of the substrate to
101S.

FIG. 3A shows the MII-ALD method utilizing 10n flux
modulation to vary the substrate exposure to 10ns.

FI1G. 3B shows the timing of the MII-ALD method utiliz-
ing 1on energy modulation to vary the substrate exposure to
ions by varying the substrate bias.

FIGS. 4A, 4B, 4C, 4D, 4E and 4F show methods of modu-
lating the MII-ALD process.

FIGS. 5a and 55 show an electrostatic chuck (ESC) system
suitable for modulating the 10on energy 1n the MII-ALD pro-
cess: a) in topological form; and, b) as an equivalent electrical
circuit.

FIG. 6 shows a timing sequence for an improved sequential
method of depositing a film.

FIG. 7 shows a timing sequence for an improved continu-
ous method of depositing a film.

FIG. 8 shows a timing sequence for another method of
depositing a {ilm wherein an excitation energy source 1s oper-
ated between the film formation steps.

DETAILED DESCRIPTION

The present mvention relates to methods and apparatus
useable for the deposition of thin films of one or more ele-
ments at low temperature. The present mvention relates to
cyclical deposition techniques and apparatus suitable for the
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deposition of barrier layers, adhesion layers, seed layers, low
dielectric constant (low-k) films, high dielectric constant
(high-k) films, and other conductive, semi-conductive, and
nonconductive thin films.

FIG. 1 illustrates a deposition system suitable for modu-
lated 1on-1induced atomic layer deposition (MII-ALD). The
MII-ALD system described herein incorporates a means of
modulating the exposure of the substrate to 10ns. By modu-
lating (1) the 1on flux; (2) the energy of the 10ns striking the
substrate; or a combination of (1) and (2), the deposition
reaction can be precisely toggled “on” or “off”. If the 10on flux
or energy 1s at a “low” state, then no deposition results or
deposition occurs so slowly that essentially no deposition
results. If the impinging 10n tlux or energy 1s at a “high” state,
then deposition occurs. Since a substrate (which may be a
“bare’ substrate, e.g., a silicon waler before any films have
been deposited, or it may be a substrate which may already
have had one or more films deposited on 1ts surface) 1s main-
tamned at a low substrate temperature, the first and second
reactants do not thermally react with any appreciable rate or
do not react at all. Instead, the deposition reaction only takes
place when either the 10n flux or 1on energy 1s toggled to a
suitable “high state”. The desired film thickness 1s built up by
repeating the 10n pulses (either of flux or energy) the required
number of cycles. An MII-ALD system and method are
described 1n U.S. Pat. No. 6,416,822, entitled “Continuous
method for depositing a film by modulated 1on-imnduced
atomic layer deposition (MII-ALD)”, and U.S. Pat. No.
6,428,859, entitled “Sequential Method for depositing a film
by modulated 1on-induced atomic layer deposition (MII-
ALD)”, both of which are assigned to the assignee of the
subject application and which are both incorporated herein by
reference.

In the deposition system of FIG. 1, all of the 1on/radical
generating feed gases and the precursor gases are introduced
into a main body chamber 190 via a distribution showerhead
171 comprised of a series of arrays or apertures 175. How-
ever, other means for umiformly distributing gases essentially
parallel or perpendicular to a face of a substrate 181 may also
be used. It will be appreciated that although the showerhead
171 1s shown to be above the substrate 181 to direct a gas tlow
downwards towards the substrate 181, alternative lateral gas
introduction schemes are possible with this embodiment.
Various lateral gas introduction schemes are described in U.S.
Publication No.: US2002/0197402A1, Publication Date:
Dec. 26, 2002, entitled “System for depositing a film by
modulated 1on-induced atomic layer deposition (MII-ALD)”,
application Ser. No. 10/215,711, filed Aug. 8, 2002, which 1s
herein incorporated by reference.

In the embodiment of FIG. 1, a source of RF bias power 160
1s coupled to one or more ESC electrodes 603 1n a substrate
pedestal 182, which includes mnsulation 183, via an imped-
ance matching device 150. The ESC electrodes 603 may be of
any arbitrary shape. The RF bias power provides power for
both 10on generation during modulated 1on induced atomic
layer deposition and energy control of the generated 1ons. The
applied RF bias power 1s used to generate a plasma 172 in a
main process chamber 180, for example, between the sub-
strate 181 and the showerhead 171 to dissociate feed gases
110, 130 to generate 1ons 177 and radicals 176 and to induce
a negative potential V,, 185 (1.e., a DC offset voltage typi-
cally =10V to -80V at =475 W RF power and 0.1-5 Torr
pressure) on the substrate 181. The negative potential V, .
185 modulates the energy of the positively charged 1ons in the
plasma and attracts the positively charged 1ons toward the
surface of the substrate. The positively charged 1ons impinge
on the substrate 181, driving the deposition reaction and
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improving the density of the deposited film. The 10n energy 1s
more specifically given by E=elV [+elV,, |, where V  1s the
plasma potential (typically 10V to 20V)and V, . _1s the nega-
tive potential V,, . 185 induced on the substrate 181. The
negative potential V. 185 1s controlled by the applied RF
bias power. For a given process region geometry, the induced
negative potential V, . 185 increases with increasing RFE bias
power and decreases with decreasing RF bias power.
Controlling the RF bias power also controls the density and
hence the number of 10ns generated in the plasma. Increasing,
the RF bias power generally increases the 1on density, leading,
to an increase 1n the flux of 1ons impinging on the substrate.
Higher RF bias powers are also required for larger substrate
diameters. A preferred power density is =0.5 W/cm?, which
equates to approximately =150 W for a 200 mm diameter
substrate. Power densities =3 W/cm” (greater than about
1000 W for a 200 mm diameter substrate) may lead to undes-

ired sputtering of the deposited film.
The frequency of the RF bias power can be 400 kHz, 13.56
MHz, or higher (e.g. 60 MHz, etc.). A low frequency (e.g. 400

kHz), however, can lead to a broad 1on energy distribution
with high energy tails which may cause excessive sputtering.
The higher frequencies (e.g., 13.56 MHz or greater) lead to
tighter 1on energy distributions with lower mean 10n energies,
which 1s favorable for modulated 1on-induced ALD deposi-
tion processes. The more uniform 10on energy distribution
occurs because the RF bias polarity switches before 1ons can
impinge on the substrate, such that the 1ons see a time-aver-
aged potential.

Asshownin FIG. 1, a source of applied DC bias can also be
coupled to the ESC substrate pedestal 182. The source can be
a DC power supply 510 coupled by a center tap 518 to a
voltage source 525 with the ability to vary the voltage or
exhibit an infinite impedance. Optionally, a variable imped-
ance device 605 may be coupled 1n series between the voltage
source 325 and the center tap 518 of the DC power supply
510. The voltage source 525 1s 1tself coupled to a wavetorm
generator 535. The wavelorm generator may be a variable-
type wavelorm generator. An exemplary variable-type wave-
form generator may be controlled by a control computer 195
and have a variable waveform at different times within a given
process and may additionally have a non-periodic output
signal. The source of applied DC bias can be coupled to the
ESC substrate pedestal 182 by RF blocking capacitors 601
that both provide a DC open for the DC power supply 510 and
prevent RF energy from corrupting the DC power supply 510.

In MII-ALD, the same plasma 1s used to generate both 1ons
177 (used to drive the surface reactions) and radicals 176
(used as the second reactant). The MII-ALD system utilizes
ion 1mparted kinetic energy transier rather than thermal
energy (e.g., REALD, ALD, PECVD, CVD, etc.) to drive the
deposition reaction. Since temperature can be used as a sec-
ondary control variable, with this enhancement films can be
deposited using MII-ALD at arbitrarily low substrate tem-
peratures (generally less than 350° C.). In particular, films can
be deposited at or near room temperature (1.e., 25° C.) or
below.

The system of FIG. 1 contains a substantially enclosed
chamber 170 located 1n substantial communication with or
substantially within a main chamber body 190. The feed
gases 110, 130 are delivered to the plasma source chamber
170 via valving 115 and 116, and a gas feed line 132. Typical
feed gases 130 used for 10n generation include, but are not
restricted to, Ar, Kr, Ne, He, and Xe. Typical feed gases 110
(e.g., precursor B) used for radical generation include, but are
not restricted to H,, O,, N,, NH;, and H,O vapor. The 1ons
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177 are used to deliver the energy needed to drive surface
reactions between the first adsorbed reactant and the gener-
ated radicals 176.

A first reactant 100 (e.g., precursor A) 1s introduced to the
chamber 170 via valving 105 and the gas feed line 132.
Precursor A may be any one or more of a series of gaseous
compounds used for depositing semiconductors, msulators,
metals or the like that are well-known 1n the art (e.g, PDEAT
(pentakis(diethylamido)tantalum), PEMAT (pentakis(ethyl-
methylamido)tantalum), TaBr., TaCl;, TBTDET (t-butyl-
imino tris(diethylamino)tantalum), TiCl,, TDMAT (tetrakis
(dimethylamido)titanium), TDEAT (tetrakis(diethylamino)
titanium), CuCl, Cupraselect® ((Trimethylvinylsilyl)
hexatluoroacetylacetonato Copper I), W(CO),., WF ., etc.).

FIG. 2A depicts a sequence for an MII-ALD method incor-
porating periodic exposure of the substrate to 1ons. In this
method, 10n exposure 230 begins with the imtroduction of the
second precursor 220 (especially when plasma generated
radicals 176 are used as the second precursor or reactant).
This figure 1llustrates one embodiment of MII-ALD utilizing
the apparatus described in FIG. 1. This results 1n a sequential
ALD process as follows:

1) First exposure 200: The substrate 181 1s exposed to a first
gaseous reactant 100 (e.g., precursor A), allowing a
monolayer of the reactant to form on the surface. The
substrate 181 may be at a temperature above or below the
decomposition temperature of the first gaseous reactant
although 1t 1s preferable for the temperature to generally
be less than approximately 350° C.

2) First removal 210: The excess reactant 100 1s removed
by evacuating 214 the chamber 180 with a vacuum pump
184. Note that prior to the first exposure 200, the cham-
ber was imitially evacuated 212. Alternatively, the cham-
ber may be purged rather than evacuated.

3) Second exposure 220: Unlike conventional ALD, the
substrate 181 1s stmultaneously exposed to 1ons 177 and
a second gaseous reactant during this step with the sub-
strate 181 (e.g., waler) biased to a negative potential
V.. . 185, The 10ons will strike the water 181 with an
energy (E) approximately equal to (elV,, [+elV )
where V  1s the plasma 172 potential (typically 10V to
20V)andV, . _isthe negative potential bias 185 induced
on the substrate. With the activation energy now prima-
rily supplied by 1ons 177 mstead of thermal energy, the
first and second (chemai- or physi-sorbed) reactants react
via an 1on-induced surface reaction to produce a solid
thin monolayer of the desired film at a reduced substrate
temperature below conventional ALD. The deposition
reaction between the first and second reactants 1s seli-
limiting in that the reaction between them terminates
after the 1mitial monolayer of the first reactant 100 is
consumed.

4) Second removal 210: The excess second reactant 1s
removed by again evacuating or purging 216 the cham-
ber 180.

5) Repeat: The desired film thickness 1s built up by repeat-
ing the entire process cycle (steps 1-4) many times.

Additional precursor gases (e.g., 120, 140) may be 1ntro-
duced and evacuated as required for a given process to create
taillored films of varying compositions or materials. As an
example, an optional exposure may occur in the case of a
compound barrier of varying composition. For example, a
TaN /Ta film stack 1s of interest in copper technology since
TaN_ prevents fluorine attack from the underlying fluorinated
low-k dielectrics, whereas the Ta promotes better adhesion
and crystallographic orientation for the overlying copper seed
layer. The TaN, film may be deposited using a tantalum con-
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taining precursor (e.g., TaCl., PEMAT, PDEAT, TBTDET) as
the first reactant 100 (precursor A) and a mixture of atomic
hydrogen and atomic nitrogen (1.e. flowing a mixture of H,
and N, ito the plasma source 172) as the second reactant to
produce a TaN_ film. Simultaneous 10n exposure 1s used to
drive the deposition reaction. Next a Ta film may be deposited
in a similar fashion by using atomic hydrogen (as opposed to
a mixture of atomic hydrogen and nitrogen) as the second
reactant. An example of a tailored film stack of differing
materials can be the subsequent deposition of a copper layer
over the TaN_ /Ta bi-layer via the use of a copper containing
organometallic (e.g., 25 Cu(IMVS)(hiac) or (Trimethylvi-
nylsilyl) hexafluoroacetylacetonato Copper I, also known by
the trade name CupraSelect®, available from Schumacher, a
unit of Air Products and Chemaicals, Inc., 1969 Palomar QOaks
Way, Carlsbad, Calif. 92009) or inorganic precursor (e.g.
CuCl) shown as precursor C 120 1n FIG. 1. The copper layer
can serve as the seed layer for subsequent electroless or
clectroplating deposition.

A variant of the method shown 1n FIG. 2A 1s illustrated 1n
FIG. 2B where 1on exposure 1s mitiated after the second
reactant exposure. FIG. 2B depicts a sequence for a method
incorporating periodic exposure of the substrate 181 to 10ns
177. In this variant of the method, 10n exposure 280 begins
with the removal 250 of the second precursor 260 (especially
when the second precursor or reactant 1s not subjected to a
plasma). Typically, this 1s the case where the second precursor
or reactant 1s not a plasma-generated radical.

In another embodiment of the MII-ALD process, a sub-
strate 181 heated (e.g., to a low temperature of less than or
equal to 350° C.) or unheated 1s stmultaneously exposed to a
first reactant and a second reactant, and subjected to modu-
lated 10n 177 exposure. By modulating (1) the 1on tlux (1.e. the
number of 1ons hitting the substrate per umt area per unit
time); (2) the energy of the 10ns striking the substrate; or a
combination of (1) and (2), the deposition reaction can be
precisely toggled “on” or “off”. Since the substrate 181 1s
maintained at a low substrate temperature, the first and sec-
ond reactants do not thermally react with any appreciable rate
or do not react at all when the 10n flux or energy 1s toggled to
a “low” state. Instead, the deposition reaction only takes place
when either the 10on flux or 10n energy 1s toggled to a suitable
“high state”. Ion flux or energy modulation can vary generally
from 0.1 Hz to 20 MHz, preferably from 0.01 KHz to 10 KHz.
During deposition, the main process chamber 180 pressure
can be maintained in the range of generally 10° to 107’ torr,
more preferably from 10" to 10~* torr, depending on the
chemistry involved. The desired film thickness 1s attaimned via
exposure ol the substrate to the suitable number of modulated
ion flux or energy pulse cycles. This MII-ALD scheme results
in a continuous deposition process. The modulation can be
either of the 10on flux via the plasma power or of the 10n energy
via an applied periodic water bias.

The MII-ALD method utilizing 1on flux modulation to
control the deposition cycle 1s 1llustrated conceptually 1n FIG.
3 A, with the flux modulation scheme described more explic-
itly in FIGS. 4A and 4C. FIG. 3A depicts the MII-ALD
method utilizing 1on flux modulation 320 to vary the substrate
181 exposure to 10ns 177. Note that the second reactant 310,
¢.g., radicals, 1s synchronized with the 1on flux via 320 plasma
power modulation, causing a periodic exposure of the sub-
strate to 1ons and radicals. Varying the power 160 delivered to
the plasma 172 can vary the 10on flux from little or none to
maximum ion production. Plasma power modulation can take
the form of variations 1n frequency (periodicity), magnitude,
and duty-cycle. Increasing plasma power 160 leads to
increasing plasma 172, and hence, increased 1on 177 density.
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Since the deposition process 1s 1on-induced, having little or
no 1on bombardment will essentially stop the deposition pro-
cess, whereas increased 10n bombardment will cause deposi-
tion to occur. A constant water bias 185 (DC in FIG. 4C or RF
in FIG. 4A) 1s applied to define the 10n energy of the modu-
lated 10n flux 1n this embodiment and 1s chosen to be suili-
ciently high so that 1on-1nduced surface reactions can occur.
Note that 1n this embodiment since the plasma power 160 1s
used to generate both 1ons 177 and radicals 176, the second
reactant (e.g., radicals) tlux 310 1s synchronized with the 1on
flux 320 pulses. The radical feed gas 110 (H, for example)
flow, however, does not change. Instead, the radical flux 310
(e.g., fraction of H, which 1s converted to atomic H) 1s modu-
lated.

Alternatively, subjecting the substrate 181 to a non-con-
stant water voltage bias 185 can vary the incoming 1on energy
at a fixed plasma power 160 (1.e., 10n tlux). This embodiment
of MII-ALD 1s 1illustrated conceptually in FIGS. 3B, and
more explicitly in FIGS. 4B and 4D. FIG. 3B shows the
MII-ALD method utilizing 10on energy modulation 350 to
vary the substrate 181 exposure to 1ons 177 by varying the
substrate bias 185. The applied bias 185 can take the form of
variations in frequency (periodicity), magmtude, and duty-
cycle. A DC, as shown 1n FIG. 4D, or RF (e.g., 400 kHz, 2
MHz, 13.56 MHz, etc.), as shown in FIG. 4B, power supply
can be used. When the water potential 1s “low (e.g., near or
at zero with respect to ground), the mncoming 1ons 177 do not
have enough energy to induce surface deposition reactions.
When the water 181 potential 1s “high” (e.g., at a significant
negative potential relative to ground), the incoming 1ons 177
will have the necessary energy to induce surface deposition
reactions via collision cascades. In such a fashion, the depo-
sition can be turned “on” or “off” by modulating the wafer
bias voltage 185, and hence the impinging ion 177 energy.
Typical water voltages can range from generally =20 V to
—1000 V, but preferably 1n the =25 V to =500 V range, and
more preferably in the =350V to =330 V range during depo-
sition. The bias voltage 183 1s coupled to the water via the
pedestal 182. The substrate pedestal 182 may be an electro-
static chuck (ESC) to provide efficient coupling of bias volt-
age to the substrate. The ESC 1s situated 1n the main process-
ing chamber 180 and can be cooled via a fluid coolant
(preferably a liquid coolant) and/or heated (e.g., resistively)
to manipulate the substrate temperature.

As 1llustrated 1n FIGS. 5a and 554 for the case of an applied
DC bias, the electrostatic chuck 1s a ESC 500 (bulk resistivity
generally greater than 10'° ohm-cm) rather than one whose
bulk material effects are dominated by the Johnson-Rahbek
(JR) effect (bulk resistivity between 10° and 10'* ohm-cm).
Typically, the substrate potential 1s a complex function of the
voltage of the electrostatic “chucking” electrodes 11 these
voltages are established relative to a reference potential, but 1s
simplified 1n the case of (non-JR) ESC. However, if a power
supply 510 that powers the ESC 500 1s truly floating, 1.e., the
entire system has a high impedance to the chamber 180 poten-
t1al (usually ground) including the means of supplying power,
then the substrate potential can be arbitrary. In particular, 1T
the ESC power supply 510 1s also center-tapped 518, then the
waler potential can be established by connecting the center
tap 518 to the output of a power amplifier 520. A wavetform
generator 535 coupled to the power amplifier 520 can be
controlled by a control computer 195 (FIGS. 1 and 6) to, for
example, periodically drop the substrate potential to a nega-
tive value for a certain period of time or apply a given Ire-
quency to the ESC 500. It 1s desired to have independent
control of the magnitude, frequency (periodicity), and duty
cycle of this substrate bias pulse train. Such an ESC system 1s
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depicted 1n FIG. 5, which shows an ESC system suitable for
modulating the 1on energy in the MII-ALD process: a) in
topological form; and, b) as an equivalent electrical circuat.

The deposition rate 1s attected by the choice of the critical
bias pulse train variables: the magnitude, frequency (period-
icity), and duty cycle. Preferably, when the bias frequency 1s
high (e.g., 100 Hz-10 KHz) with a short duty cycle (e.g., less
than 30%), reducing the net, time-averaged current (which
can cause substrate potential drift, de-chucking problems, or
charge-induced device damage) while providing a charge
relaxation period wherein the 10n charges accumulated dur-
ing 1on exposure can redistribute and neutralize.

Once the deposition rate 1s calibrated for a particular recipe
(Angstroms/cycle), the ability to accurately determine the
film thickness by counting cycles 1s a further benefit of this
modulation scheme. The higher the frequency, the finer the
resolution of this critical deposition process performance
metric.

Alternatively, the substrate potential can be modulated by
imparting an induced DC bias to the substrate by applying RF
power to the pedestal. Preferably, the RF power 1s coupled

into the ESC electrodes. FIGS. 4A-4F illustrate the methods
of modulating the MII-ALD process. In FIG. 4A, an RF bias
power B, 1s applied to the substrate pedestal 182 imparting an
induced DC bias V, to the substrate while the plasma (either
microwave or RF) power 400 1s varied periodically between a
high P, and a low P, power state. In FIG. 4B, plasma (either
microwave or RF) power 410 1s constant P, while an RF bias
power, applied to the substrate pedestal 182, i1s varied
between a low B, and a high B, bias state (V, and V, are the
DC offset or bias voltages resulting from the applied RF bias
power). In FIG. 4C, a negative DC bias 4235 1s applied to the
substrate pedestal 182 while the plasma (e1ther microwave or
RF) power 420 1s varied periodically between a high P, and a
low power P, state. In FIG. 4D, plasma (either microwave or
RF) power 1s constant 430 while a DC bias 435 applied to the
substrate pedestal 182 1s varied between a zero V, and a
negative voltage state V,. In FIG. 4E, a mechanical shutter
periodically occludes the 10n source. All the while, the plasma
power 440 (either microwave or RF) and substrate voltage
445 are held constant. In FIG. 4F, a source area that 1s smaller
than the substrate 181 1s preferably used. In this case, plasma
(either microwave or RF) power 450 1s constant, a negative
DC substrate bias 455 1s constant, and the source and sub-
strate 181 are moved relative to each other 457, exposing only
a portion of the substrate 181 at a time.

This process utilizes independent control over the three
constituents of plasma—ions, atoms, and precursors. Decou-
pling these constituents oifer improved control over the depo-
s1t10n process.

An added benefit of using MII-ALD 1s that with proper
choice of the second reactant, selective 1ion-enhanced etching
and removal of unwanted impurities can be performed. As an
example, for many chemistries, the preferred second reactant
1s monatomic hydrogen (H) 176. Simultaneous energetic 1on
and reactive atomic H bombardment will cause selective
removal of unwanted impurities (e.g., containing carbon,
oxygen, fluorine, or chlorine) commonly associated with
organometallic precursors (e.g., TBTDET, PEMAT, PDEAT,
TDMAT, TDEAT), and proceed with removal rates superior
to either chemical reaction (e.g., atomic H only) or physical
sputtering (e.g., Ar 1on only) alone. Impurities lead to high
f1lm resistivities, low film density, poor adhesion, and other
deleterious film effects. Alternatively, 1n addition to atomic
hydrogen, other reactive groups such as mitrogen atoms (N),
oxygen atoms (O), OH molecules, or NH molecules, or a
combination thereol may be employed.
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Another embodiment of the above-described methods 1s
shown in FIG. 6. Here, a first precursor 1s exposed to a plasma
630 during 1ts introduction into the chamber 180. Specifi-
cally, during the first precursor exposure 600 and the precur-
sor removal 610, the excitation source 1s on at some level (step
632) less than the level during the second precursor exposure
620 (step 634). However, at step 632, the excitation source
power should not be so high as to cause sputtering of the first
precursor or damage to the substrate.

More specifically, as shown 1n FIG. 6, the plasma exposure
630 begins with the introduction of the first precursor 600 and
continues through the first precursor removal 614. This
results 1 an improved sequential ALD process as follows.

1) First exposure 600: The substrate 181 1s exposed to a
gaseous reactant 100 (e.g., precursor A), allowing a layer
of the reactant to form on the surface. The substrate 181,
as discussed, may be at a temperature above or below the
decomposition temperature of the first gaseous reactant.
This step may, 1n one embodiment, last about one-half of
a second.

2) First removal 610: The excess reactant 100 1s removed
by evacuating 614 the chamber 180 with a vacuum pump
184. Alternatively, in another configuration, the excess
reactant 1s purged from the chamber. This step may also
last about one-half of a second. During the first precursor
600 and the removal 614, the excitation source 630 1s on
to expose the first precursor to aplasma. The plasma may
be an Ar plasma or any combination of plasma gases.
The power 160 (RF), in one embodiment, may be
approximately S0 W during step 632.

3) Second exposure 620: The substrate 181 1s simulta-
neously exposed to 1ons 177 and a second gaseous reac-
tant during this step with the substrate 181 biased to a
negative potential V,. _185. As discussed, RF power
160 may be supplied into the plasma chamber 170 to
generate both the ions 177 (e.g., argon-ion (Ar™)) and
radicals 176 (e.g., H atoms). The power 160 (RF) may be
approximately 425 W. This step 634 may last approxi-
mately two seconds.

4) Second removal 610: The power 160 1s off (plasma
shutdown), and the excess second reactant and plasma
are removed by evacuating or purging 616 the chamber
180. This step may also last about one-half of a second.

Alternatively, this step may be shorter or longer than
removal 614.

5) Repeat: The desired film thickness 1s built up by repeat-
ing the entire process cycle (steps 1-4) many times.

In another embodiment, the plasma exposure 630 may be
discontinued during the removal 614. It would then be
restarted during the second exposure 620 to form an 10n-
generating plasma. In another embodiment, the plasma expo-
sure may be or may not be discontinued 1n step 616.

The sequential method shown 1n FIG. 2B, where 1on expo-
sure 1s 1nitiated after the second reactant exposure, may also
be enhanced by exposing the first precursor to a plasma, that
may or may not cause a visible glow, during the first precursor
exposure and removal steps.

Similarly, the continuous processes shown in FIGS. 3A and
3B may be enhanced by the above-described plasma expo-
sure. For instance, as shown 1n FIG. 7, the first precursor 700
may be subjected to plasma exposure 720 (step 722) before
tull power 1s applied (step 724) during the second precursor
710 exposure. In one embodiment, the excitation source may
form a plasma at step 722 and an 1on-generating plasma at

step 724.
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The method of the present invention increases the chemical
reactivity of a precursor by removing or otherwise altering at
least one ligand of a precursor molecule. The size of the
precursor molecule may be changed. For instance, the size
may be reduced. The polarization of the precursor molecule
may also be changed. For example, the polarization may be
increased or decreased, or the sign of polarization may be

changed.
As discussed above, the substrate 1s exposed to a sequence

of discreet states. Each of the states represent a step 1n a
deposition cycle. The sequence of steps 1s repeated to produce
a 1ilm of a desired thickness. In at least one of the steps, the
substrate 1s exposed to a vapor containing at least one precur-
sor chemical. The precursor vapor adsorbs onto the substrate.
The rate of adsorption 1s not infinite and the density of the
adsorbed molecules 1s also not infinite. However, these two
factors intluence the cycle time which impacts throughput as
well as the deposition rate per cycle. The rate of adsorption as
well as the number of available adsorption sites 1s a function
of the substrate and precursor pair. Therefore, altering the
precursor results in an alteration of the adsorption rate and
number of sites. An alteration that cleaves part of at least one
ligand, for example, exposes a chemically reactive bond that
in turn can be subject to 1ts own adsorption mechamsms with
the substrate mndependent of the rest of the precursor mol-
ecule. Moreover, 1f this alteration reduces the size of the
precursor molecule, then the Steric hindrance phenomena 1s
mimmized. Steric hindrance 1s the phenomena wherein a
collection of molecules preferentially space themselves out.
In other words, the molecules do not like to be crowded.

The precursor gas, 1n one implementation, may be exposed
to the plasma 1n the region between the gas line 132 and the
showerhead 171. The precursor gas may also be exposed to
the plasma 1n the region below the showerhead.

A precursor molecule, 1n any event, 1s altered at or near the
substrate rather than in a remote fashion. The present inven-
tion thus provides a more reactive precursor molecule, but
only 1n the region of interest in the vicinity of the substrate to
prevent stray or parasitic reactions with the vapor delivery
system. This sort of precracking during nucleation also
reduces nucleation delay for all substrate materials.

Multiple excitation sources may also be used with the
present invention. The excitation source employed at step 632
may also be a separate source from that employed at step 634.
Additionally, the excitation energy applied at step 632 may
vary from one cycle to another cycle to compensate for effects
that may vary with time or cycle numbers. For example, as
film bwlds up in the chamber, 1t alters the ability of the
chamber to transmit RF energy. This alteration can be com-
pensated for by varying the applied RF coupling.

Also, 1n other implementations, the precracked precursor
exposure may follow some other reactive gas/plasma expo-
sure step. Also, the plasma, in another embodiment, may be
an 1on-generating plasma at steps 632 and 722. Moreover, the
precursor may be exposed to an excited species at steps 632
and 722. An excited species may be an excited gas which
forms an 1on-generating plasma, a plasma or afterglow, and/
or includes 10ns, free electrons, or meta-stable gas atoms.
Further, 1n another variant of these techniques, the power
level at steps 632 and 722, for instance, may be the same as or
greater than the power level at step 634 and 724.

In another embodiment, as shown 1n FIG. 8, the excitation
energy 1s maintained at some low value greater than zero
during the periods between plasma exposure for reacting a
first precursor film and a second precursor. In the MII-ALD
sequential and continuous processes, for example, the sub-
strate 1s periodically exposed to an 1on-generating plasma. A
substantial amount of the cycle time 1s dedicated to the 10on-
generating plasma step. The 1on-generating plasma step, 1n
these processes, can be reduced 1f the non-productive time
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associated with the plasma stabilization time 1s reduced or
climinated. The method of the present invention does just
that.

It 1s generally assumed that the excitation energy must be
reduced to zero between the 1on-generating plasma steps to
prevent gas phase decomposition of the vapors in the ambient
and possible resulting contamination of the deposited film. It

has been found, however, that this 1s not the case. The present
invention increases throughput by reducing or eliminating the

non-productive time 1n a cyclic deposition process that occurs
with each deposition cycle.

As shown 1n FIG. 8, the excitation source 830 may be on at
some low value (step 832) prior to film formation (step 834).
The excitation energy source 1s, thus, operated 1n an 1dling
condition prior to film formation. In the MII-ALD sequential
process, for example, 10ns and radicals are generated at step
834, which takes place during the second precursor exposure
820. The 1dling step 832 may occur, as shown, during the first
precursor exposure 800 and removal 810 (step 814). By 1dling
the excitation energy source at step 832, the plasma 1s, 1n
elfect, seeded. This eliminates the incubation time or 1gnition
delay in the plasma/ion generation step 834. In one embodi-
ment, the power 160 (RF) may be approximately 50 W and
425 W, respectively, at steps 832 and 834.

At step 832, an afterglow rather than a plasma may be
formed. The excitation source may also be operated at this
same low value only during removal 814, after the first pre-
cursor exposure 800. The excitation source may also be oper-
ated at this low value during removal 816.

The plasma may be generated by microwave or RF power.
The plasma may also be generated by DC power. The excita-
tion source, 1n other embodiments, may be ultraviolet light,
x-rays, a igh DC field, a molecular beam, an 10n beam, or
some other form of electromagnetic radiation. The excitation
source may also be some combination of these sources.

The present invention 1s not limited to use with an MII-
ALD system and process. The present invention may be used
with various cyclic deposition systems and techniques. For
example, 1t may be used with ALD, ALCVD, pulsed nucle-
ation layer (PNL), or pulsed deposition layer (PDL) systems
and methods.

The method of the present invention can be used to deposit
various materials, including dielectric, oxide, semiconduct-
ing, or metal films, used 1n the semiconductor, data storage,
flat panel display, and allied as well as other industries. In
particular, the method and apparatus 1s suitable for the depo-
sition of barrier layers, adhesion layers, seed layers, low
dielectric constant (low-k) films, and high dielectric constant
(high-k) films. The deposited layer may be one or more mono-
layers, or 1t may be a fractional layer, which 1s less than one
monolayer.

From the description of the preferred embodiments of the
process and apparatus set forth above, 1t 1s apparent to one of
ordinary skill in the art that variations and additions to the
embodiments can be made without departing from the prin-
ciples of the present invention. As an example, chlorine, bro-
mine, fluorine, oxygen, mitrogen, hydrogen, other reactants
and/or radicals containing the aforementioned elements or a
combination thereof, 1n conjunction with energetic 10on bom-
bardment, can be used to effect etching or material removal as
opposed to deposition. This 1s of particular importance in the
cleaning of native oxides of copper, aluminum, silicon, and
other common conductor and semiconductor materials used
in IC manufacturing. Either the deposition or etching can be
accomplished globally (as 1illustrated in the preceding
embodiments) or may be chosen to be local to a controlled
area (1.¢., site-specific using a small, 1on beam point or broad-
beam source scanned or otherwise stepped across the sub-
strate, exposing only a fraction of the substrate area at any
given time).
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What 1s claimed 1s:
1. A cyclic method of depositing a film onto a substrate 1n
a chamber comprising:
(a) introducing at least one precursor vapor into the cham-
ber to adsorb at least one layer of the precursor vapor on

the substrate;

(b) operating an excitation energy source at a {irst power
level to generate a plasma to form 1ons and radicals;

(c) reacting the adsorbed layer of the precursor vapor with
the 1ons and radicals generated with the excitation
energy source at the first power level to form the film;
and

(d) outside of steps (b) and (c), operating the excitation
energy source at a second power level, the second power
level being less than the first power level such that an
alterglow 1s maintained, and such that a plasma stabili-
zation time for the plasma generated at the first power
level 1s minimized.

2. The method of claim 1, wherein the excitation energy
source 1s selected from the group consisting of microwave
power, DC power, RF power, ultraviolet light, x-rays, a high
DC field, a molecular beam, an 1on beam, and combinations
thereol.

3. The method of claim 1, wherein the cyclic method 1s
repeated until the film achieves a desired thickness.

4. The method of claim 1, further comprising;

betore step (b), removing excess precursor vapor from the
chamber.

5. The method of claim 1, wherein the excitation energy
source 1s RF power, and wherein the first power level 1s
approximately 425 watts and the second power level 1is
approximately 50 watts.

6. The method of claim 1, further comprising:

exposing the precursor vapor to the afterglow or the plasma
to form a more reactive precursor vapor.

7. A cyclic sequential method for depositing a film onto a

substrate in a chamber comprising:

(a) introducing a reactant gas into the chamber to adsorb at
least one layer of the reactant gas onto the substrate;

(b) removing excess reactant gas from the chamber;

(¢) introducing at least one 1on generating feed gas mto the
chamber:

(d) introducing at least one radical generating feed gas into
the chamber;

(e¢) operating an excitation energy source at a first power
level to generate a plasma from the 1on generating feed
gas and the radical generating feed gas to form 1ons and
radicals;

(1) exposing the substrate to the 1ons and the radicals;

(g) modulating the 10ons and the radicals;

(h) reacting the adsorbed layer of the reactant gas with the
ions and the radicals generated with the excitation
energy source at the first power level to deposit the film;
and

(1) prior or subsequent to step (e), operating the excitation
energy source at a second power level greater than zero
but less than the first power level such that an afterglow
1s maintained, and such that a plasma stabilization time
for the plasma generated at the first power level 1s mini-
mized.

8. The method of claim 7, wherein step (b) 1s accomplished

by evacuating the chamber.

9. The method of claim 7, wherein step (b) 1s accomplished
by purging the chamber.

10. The method of claim 7, wherein the cyclic method 1s
repeated until the film achieves a desired thickness.
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11. The method of claim 7, further comprising exposing the
substrate to at least one additional reactant gas.

12. The method of claim 7, wherein the substrate 1s simul-
taneously exposed to the 1ons and the radicals.

13. The method of claim 7, wherein the substrate 1is
exposed to the 1ons after exposure to the radicals.

14. The method of claim 7, wherein the excitation energy
source 1s selected from the group consisting of microwave
power, DC power, RF power, ultraviolet light, x-rays, a high
DC field, a molecular beam, an 1on beam, and combinations
thereof.

15. A cyclic method for depositing a film onto a substrate in
a chamber comprising:

(a) introducing at least one reactant gas 1into the chamber to
adsorb at least one layer of the reactant gas on the sub-
strate;

(b) generating a plasma, from an 10on generating feed gas to
form 1ons and a radical generating feed gas to form
radicals, by operation of an excitation energy source at a
first power level;

(¢) electrically biasing the substrate to a negative potential;

(d) exposing the substrate to the 1ons and the radicals
generated with the excitation energy source at the first
power level;

(¢) modulating the 10ns and the radicals;

(1) reacting the adsorbed layer of the reactant gas with the
ions and radicals to deposit the film; and

(g) prior or subsequent to step (b), operating the excitation
energy source at a second power level greater than zero
but less than the first power level such that an afterglow
1s maintained, and such that a plasma stabilization time
for the plasma generated at the first power level 1s mini-
mized.

16. The method of claim 15, wherein the cyclic method 1s

repeated until the film achieves a desired thickness.

17. The method of claim 15, further including exposing the
reactant gas to the afterglow to form a more reactive reactant
gas.

18. The method of claim 15, wherein the excitation energy
source 1s selected from the group consisting of microwave
power, DC power, RF power, ultraviolet light, x-rays, a high
DC field, a molecular beam, an 10on beam, and combinations
thereof.

19. A method of depositing a film onto a substrate 1n a
deposition chamber comprising:

(a) introducing at least one precursor vapor mnto the depo-
sition chamber to adsorb at least one layer of the precur-
sor vapor on the substrate;

(b) operating an excitation energy source at a first power
level to generate a plasma that includes 10ons and radi-
cals;

(¢) reacting the adsorbed layer of the precursor gas with
1ons and radicals to form the film;

(d) 1n a subsequent deposition cycle, repeating steps (a), (b)
and (c); and

(¢) between the first deposition cycle and the subsequent
deposition cycle, operating the excitation energy source
at a second power level greater than zero but less than the
first power level such that an afterglow 1s maintained,
and such that a plasma stabilization time for the plasma
generated at the first power level 1s minimized.

20. The method of claim 19, wherein the excitation energy
source 1s selected from the group consisting ol microwave
power, DC power, RF power, ultraviolet light, x-rays, a high
DC field, a molecular beam, an 1on beam, and combinations
thereof.
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